The paper deals with 'destroying' a high-velocity diesel fuel jet by impingement on small cylindrical obstacles. This process permits very quick jet distribution in the volume. Essential is a process of impingement on a first obstacle: its diameter, distance from the nozzle outlet, and injection pressure play a dominant role in characterizing jet distribution in space. This spatial distribution is based on a multijet model, initially observed by diesel jet impingement on a porous structure. In diesel jet impingement on a single obstacle with a smaller diameter (d=1 mm), the distribution angle decreases with an increase of injection pressure. For bigger obstacle diameters (d=2 mm) the angle between both jets increases almost independently with regard to injection pressure. This angle does not change with time after initial impact. It decreases, however, with an increasing distance between nozzle and obstacle.
INTRODUCTION
bustion systems to support fuel distribution in the chamber volume are intense swirl-and-squish air motions and multihole nozzles. Part of the jets One of the main future tasks for diesel engine development is to de-couple the combustion process from propagating throughout the combustion chamber volume usually impinges on the piston bowl and the injection process. On the one hand, separation of both processes in time is important, and on the forms a wall film [1] , [2] [3] [4] [5] [6] . More detailed investigations on the diesel jet impingement process have other hand, homogenization of the charge is required (by injection) in the combustion chamber volume.
indicated some special effects, to be observed in the splashing region (polygonal splashing geometries) In the late injection process, typical of conventional diesel engines, a high injection pressure and short [7] . The problem of mixture homogenization in diesel engines becomes even more critical in the injection duration must be used for permitting proper temporal mixture formation; however, this case of partially-homogenous charge compression ignition (pHCCI) and HCCI systems, where the cylin-mixture is highly nonhomogeneous in space. Typical technologies applied to conventional engine com-der charge should be (must be) homogeneous and preferably premixed before undergoing compression requiring very quick spatial distribution of the diesel jet and its homogenization in space. This could be promoted by injection in a porous medium [8] . It was observed that, due to jet impingement on a large number of pore junctions of a highly porous threedimensional structure, the diesel jet may very quickly be distributed in space across the impingement direction. From one impinging jet a number of secondary jets will form according to a multijet splitting effect described in references [7] , and [8] .
Diesel jet interaction with such three-dimensional highly porous structures (see section 2) may be simplified by jet impingement on small cylindrical obstacles giving a similar effect as for jet distribution in space. This effect is described in sections 5-7. A diesel jet impingement on a single obstacle is described in section 4.
DEFINITION OF MULTIJET SPLITTING BY DIESEL JET INJECTION IN POROUS STRUCTURES
Initial experiments related to the present paper have been performed with a highly porous structure structure at an injection pressure of p inj = 1200 bar in air 900 ms after jet impingement on tures of porous structures for the investigation of PM (10 ppi pore density) diesel injection are high porosity (more than 80 per cent), large and open pores (a few millimetres in size), large specific surface area (a few hundreds to primary jet. This strong spatial distribution of fuel across the PM structure, used for homogenization thousands of m2/m3), and high mechanical stability. Such structures may have very interesting appli-throughout the PM volume, is significantly influenced by pore density (i.e. mean pore diameter cations in engines for controlling mixture formation and homogenization of the combustion process and number of pores) and injection parameters. A detailed description of this process is given in refer-[9-12].
A unique effect of diesel jet spatial distribution by ences [7] , [8], and [10]. The effect of a multijet splitting is a result of diesel interaction with a porous structure is indicated in Fig. 1 . The diesel jet impinges on a porous structure jet interaction with the pore junctions of a threedimensional porous structure. These junctions can of 10 ppi pore density (mean pore diameter is approximately 3 mm) and 11 mm of geometrical be simulated by small cylindrical obstacles giving a two-dimensional model of a porous structure. Diesel thickness. The injection pressure is 1200 bar, and the process is investigated in air. A radial spreading from jet interaction with such cylindrical obstacles showed similar effects to those observed by injection in the porous structure just after penetration of a few pores may clearly be observed. When the jet has three-dimensional porous structures. Such a model is shown in Fig. 2 . This model clearly indicates the propagated a few pores further in PM, a number of single jets are observed in the plane perpendicular formation of secondary jets by each jet interaction with a single obstacle. The description of this effect to the impingement direction. The observed process also takes place in a plane perpendicular to the is a main objective of the present paper. figure plane, making the fuel distribution threedimensional.
This radial-like distribution in PM is much more 3 TEST RIG AND MEASUREMENT TECHNIQUES intense than the axial one along the jet propagation. After touching PM, part of the injected fuel is
In order to perform a basic investigation on diesel jet interaction with a porous wall and small cylindri-'reflected back' upstream and downstream across the ant for investigations of jet impingement on a wall. Firstly, no atomization may be observed during free jet formation and its propagation throughout the chamber volume (single-phase system). Secondly, the fuel vaporization process in an oil bath is practically eliminated, and under ambient temperature (approximately 20-25°C) is negligible. Qualitative features of free jet and spray parameters (geometry) observed under both surrounding-fluid conditions are very similar. This fact allows (at least qualitative) generalization of data obtained in oil for the surrounding conditions in gas; see Fig. 4 . For high-speed resolving investigations, a black-and-white CCD camera (PCO), model FlashCam, was used. The camera can be externally triggered (synchronized with injection timing) with a shutter speed from 1 to 1000 ms; additionally, the signal phase may be shifted with respect to the trigger signal in the range The experimental configuration for diesel jet cal obstacles, a special test chamber having very impingement on a single obstacle and a number of good optical access has been used ( Fig. 3 ). The small cylindrical obstacles as used in the present chamber has been built as a low-pressure system investigation is shown in Fig. 5 . The distance (1 bar at ambient temperature), but two different surbetween obstacles is twice the obstacle diameter. rounding fluids can be applied: air and oil. The diesel Two such diameters are used in the present investioil used as a surrounding fluid of high density influgation: d1=1 mm and d2=2 mm. This figure shows ences the jet tip penetration by a factor of approxian overall configuration of the holding plate with cylmately three compared to the real engine conditions, indrical obstacles. For a given experiment, a selected whereas this tip penetration in air under ambient number of obstacles (between 1 and 8) and their pressure (1 bar) would be different by a factor of 15 individual localization have to be defined. The most [13]. The jet tip penetration lengths in both surimportant geometrical configurations investigated rounding fluids investigated are quantified in Fig. 4 .
are described in detail in Fig. 6 . Along with the geo-Diesel injection in an oil bath (as a surrounding metrical configurations already defined, the followmedium) has some additional features, very importing measurement conditions were used in the present investigation.
1. Surrounding fluid: air and oil (most of the experiments have been performed in oil). 2. Injection pressure: 400 bar, 800 bar, and 1200 bar (for some experiments other pressures have also been used).
Constant injection duration: 1500 ms (for some
experiments 3000 ms has been used). 4. Variable time after injection trigger signal: from 0 to 5000 ms.
Variable time after impinging on the first obstacle:
from 0 to 5000 ms.
There are three different view angles: bottom, side, and back-view. For this investigation a special twohole common-rail diesel nozzle was used, as already described in reference [8] . Fuel is injected horizontally in two opposite directions with a spray angle of approximately 800 ms a free jet in air will reach the cylinder wall of the test chamber.
DIESEL JET IMPINGEMENT ON A SINGLE CYLINDRICAL OBSTACLE
As an initial investigation, a diesel jet impingement on a single cylindrical obstacle is observed in order to recognize the main parameters defining jet distribution in space. Note that in the present work the jet impingement on the cylinder is investigated but not cylinder overflow. If the distance between the of diesel impingement on small cylindrical and the impingement velocity is too low, no impingeobstacles ment is observed, but cylinder overflow instead (Re below 19 000). Additionally, the cylindrical obstacle's diameter is small compared with the jet front area, of a free jet formation and its propagation in air under atmospheric pressure was measured as a preventing solid-wall-like impingement [8].
In the first step, configuration with a single function of time after the beginning of injection at an injection pressure of 800 bar; see Fig. 7 . After obstacle (R1d1 and R1d2) was investigated, as shown (d=1 mm) the distribution angle decreases with increasing injection pressure. For bigger obstacles (d=2 mm) the angle between both jets increases and is almost independent of injection pressure. This angle does not change with time after initial impingement, but decreases with increasing distance between nozzle and obstacle. Different parameters may be defined to characterize diesel jet impingement on the obstacle (Fig. 9 ). The main parameters are jet length, jet width, and jet surface area. These parameters are digitally analysed, based on the intensity distribution of the recorded pictures. As a reference case, a 'background' picture without jet is created. The pictures with injection are then compared with this reference picture, at a resolution of a single pixel. The number of pixels in the 'jet' region forms the basis for defining jet length, width, and surface area. Jet length, jet width, and jet surface area are measured from the bottom-view angle ( Fig. 9(a) ). Additionally, jet height and jet surface area are measured from the side-view angle ( Fig. 9(b) ). The bigger the obstacle and the higher the injection pressure, the wider is the distribution of the impinging jet in space (jet width). However, the effect of obstacle diameter on jet width is weaker than that observed for jet height (Fig. 10) . In order to obtain short and wide jets, a larger cylindrical obstacle should be used.
The effect of injection pressure on jet height was clearly observed for a smaller obstacle only. Jet height was larger for a larger obstacle (d=2 mm) and increased with time until reaching the maximum value. The jet surface area measured from the sideview angle increases with injection pressure and with
Fig. 6
Specification of investigated geometrical conobstacle diameter (Fig. 11 ). It was found for geofigurations metrical configurations R2 and R3 that with increasing distance between the nozzle outlet and obstacle, the length of the jet increases and jet width in Fig. 8 . This figure shows diesel jet impingement decreases. Also, the jet surface area diminishes on a single obstacle as a function of time after jet with increasing distance from the nozzle. The effect impingement at an injection pressure of 400 bar. A of the distance between nozzle outlet and obstacle clear effect of diesel jet interaction with a small on the distribution angle a is quantified in Fig. 12 for obstacle in the form of two jets after impingement three injection pressures and two obstacle diameters. may be observed. The distribution angle between both jets is shown in Table 1 
. For smaller obstacles
This angle significantly diminishes with increasing obstacles. In the first attempt, three obstacles have been applied (configurations 3d1 and 3d2; see Fig. 6 ). A general overview of jet impingement on three cylindrical obstacles is given in Fig. 13 . The data 5 DIESEL JET IMPINGEMENT ON THREE CYLINDRICAL OBSTACLES correspond to three injection pressures observed at 2000ms after impingement on the first obstacle. In particular for smaller diameters of the cylindrical The aim of applying diesel jet impingement on small cylindrical obstacles is to improve the spatial distri-obstacle, a third secondary jet after impingement on the first obstacle may be observed. This third jet is bution of a jet in space. Experimental investigations of jet impingement on a single obstacle have indi-not clearly present in the case of a larger obstacle. This is a result of a geometrical configuration to be cated that jet distribution (homogenization) in space investigated. Impingement on a single obstacle for obtain a good distribution in space (configuration 4d1). This effect is shown in Fig. 14 (top) presenting d=2 mm indicated an angle a of the order of 120°. This means that impingement on two additional jet impingement on a configuration of four obstacles. The first insight into the impingement process indi-obstacles mounted in the second row is of no consequence.
cates a similarity to the jet impingement on three obstacles already analysed. The middle jet will clearly be divided into two jets resulting in four single jets which can be recognized in the system. For more 6 DIESEL JET IMPINGEMENT ON MULTIPLE SMALL CYLINDRICAL OBSTACLES information on the role of obstacles mounted in rows 2 and 3, the system with four obstacles is modified to one with eight small cylinders (8d1). This con-The fact that three jets were observed for configuration 3d1, has indicated the necessity of putting an figuration consists of configuration 4d1 plus four additional obstacles in row 3. Results of diesel jet additional obstacle in the way of the middle jet to impingement on eight small obstacles are shown in area. The jet length after impingement on four obstacles is practically the same as observed after Fig. 14 (bottom) indicating an impingement process quite similar to the configuration with four obstacles. impingement on eight obstacles, independent of injection pressure. Almost no effect of number of This unexpected similarity is clarified in Fig. 15 . This figure also explains why the middle jet is more com-obstacles or injection pressure was observed in the jet width distribution. pact for the eight-obstacle configuration than in the four-obstacle case. This effect is illustrated by analys-Based on the qualitative and quantitative (e.g. distribution angles) data obtained for jet impingement ing angle b 2 as shown in Table 2 . The angle b 2 for a four-obstacle configuration is approximately twice on a single obstacle and multiple obstacles for selected geometrical configurations, a phenomenological the angle for a configuration with eight obstacles, making the jet much more compact in the latter case.
model was devised for more general process analysis. For diesel jet impingement on a single, three-, four-, This similarity of jet distribution with impingements on four and eight obstacles also appears when ana-and eight-obstacle configuration, this phenomenological model is presented in Fig. 16 . The basic data lysing jet length, jet width, its height, and surface obstacles is given in Fig. 18 . Contrary to the con-8d1, 800 bar 18
figurations with three, four, and eight obstacles pre-8d1, 1200 bar 16.6
sented above, the fuel, in this case, is fairly well distributed across the area selected. Six individual jets may be observed for this configuration (Fig. 19) .
The jet length after impingement on five obstacles at three different injection pressures is shown in Fig. 20 . As already observed in other configurations, obtained for jet impingement on a single obstacle the jet length after impingement depends on injecand multiple (three) obstacles enabled jet distrition pressure and increases with increasing rail bution for four and eight obstacles at very good pressure. A much lower dependence on the injection qualitative and even quantitative agreement with pressure may be observed for jet width (Fig. 21) . experimental data to be predicted. These models, Shortly after impingement on the first obstacle, the however, do not show satisfactory homogeneous disjet width is still slightly dependent on the injection tribution of fuel in selected areas (e.g. combustion pressure. Jet width is mostly dependent on the angle chamber). The next section presents a model permitb 1 which increases with increasing injection pressure. ting better homogenization of the jet by diesel Injection pressure will furthermore prove important impingement on five cylindrical obstacles.
for the jet surface area. A virtual combustion chamber area having the geometry presented in Fig. 22 is now defined. The
MIXTURE HOMOGENIZATION BY DIESEL JET
dimensions of this virtual chamber are 25 mm× IMPINGEMENT ON SMALL OBSTACLES 24 mm for a cylindrical obstacle with d=1 mm including a distance of approximately 5 mm between Considering the experimental data already prethe nozzle and the obstacle in the first row. Different sented, a model of a five-obstacle configuration will configurations have been tried in order to obtain optimum jet distribution throughout the area of this be built for further analysis with the aim of a good virtual chamber width (24 mm). The jet width for the configurations investigated is shown in Fig. 24 . For configurations R1d2 and 7d1 the jet width grows very quickly, reaching the virtual chamber side walls within a time span shorter than 2000 ms after jet impingement on the first obstacle. The jet impinging on the obstacles in configuration 5d1 requires more time to reach the side walls of the virtual combustion chamber. With regard to the jet surface area, configurations R1d2 and 5d1 show a similar maximum surface area, but, at different intervals after impingement on the obstacle (Fig. 25 ). Jet homogenization in the virtual combustion chamber for a configuration with five obstacles as compared to a free jet configuration is shown in Fig. 26 . For a multijet system (configuration 5d1) the homogenization in a virtual combustion chamber is much better than for a free jet. Also, wall impingement is practically eliminated compared to a free jet system. There is an additional factor which plays an important role in mixture formation: a jet surface available for air
Fig. 19
View of diesel jet impingement on five entrainment and mixing process. For a multijet obstacles: selection of six individual jets (injecsystem there is a much larger interface of jet and air, tion in oil) promoting vaporization (under hot conditions) and the mixing process. Owing to the limited surface of a single obstacle and its hot temperature under virtual combustion chamber. Firstly, the jet length is real engine conditions, it is not expected that a wall investigated for different geometrical configurations, film will build up inside the combustion chamber as shown in Fig. 23 . The jet impinging on a single volume. Experiments performed with hot obstacles obstacle (R1d1) penetrates the combustion chamber have shown that the liquid fuel will not be deposited and leaves the defined area 1800 ms after hitting the on the obstacle surface. Experiments in a hot porous obstacle. After this time the secondary jets would structure have hinted at enhanced vaporization conimpinge on the virtual combustion chamber wall.
ditions. The role of jet impingement on a series of Similar results were obtained for other configurobstacles in spray atomization is not yet recognized. ations, except for a geometry with five obstacles. For
Similarly, the role of swirl and squish in diesel the configuration with five obstacles (5d1) the jets engines during mixture formation supported by cylreach the virtual combustion chamber wall after approximately 3600 ms. Another limiting factor is the indrical obstacles must be revised and described in detail. The present paper only instigates a new possibility of improving the mixture formation process. A number of parametric studies will have to be performed to apply this principle in the proper environment of a real engine. The authors hope that this paper makes a small contribution to nonconventional technologies for future engines operating with a much more homogenized combustion process.
CONCLUDING REMARKS
As presented in the paper, it is possible to disperse a high-velocity diesel jet by impingement on small cylindrical obstacles permitting very quick jet distri- 
